Introduction absence of Ca 2ϩ /CaM (autonomous activity) (Lai et al., 1986; Lou et al., 1986; Miller and Kennedy, 1986 ; Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII) Schworer et al., 1986) and exhibits a several hundredis a ubiquitous kinase that is expressed at high concenfold increase in calmodulin binding affinity (trapping of trations in neurons and at lower concentrations in most calmodulin) . In addition to this reguother cell types. Previous studies suggested that CaMKII latory function, it is conceivable that oligomerization has is an essential mediator for long-term potentiation and a fundamental role in the localization of CaMKII. Since other forms of synaptic plasticity (reviewed by SoderCaMKII␣ is the predominant isoform in the brain, it can ling, 1993; Braun and Schulman, 1995) . Furthermore, be hypothesized that the main function of CaMKII␤ isoforms is to indirectly alter the localization of CaMKII␣ CaMKII activity may have an important role in stabilizing isoforms by first forming CaMKII␣/␤ heterooligomers the dendritic architecture (Wu and Cline, 1998) . A critical and then localizing the mixed complex to new docking neuronal function of the ␣ isoform of CaMKII (CaMKII␣) sites. Such a heterologous targeting mechanism would was directly demonstrated by studying mice that were enable cells to alter the cellular localization of CaMKII␣ either lacking CaMKII␣ or expressed mutated CaMKII␣.
indirectly by controlling the ratio of CaMKII␤ to CaMKII␣ CaMKII␣-deficient mice as well as transgenic mice exexpression. pressing an autonomously active or an autophosphoryHere, we use green fluorescent protein-tagged (GFPlation-deficient CaMKII␣ showed impaired long-term tagged) CaMKII␣ and CaMKII␤ isoforms to explore the potentiation as well as defects in spatial learning and subcellular localization and oligomerization of CaMKII␣ memory (Silva et al., 1992; Chapman et al., 1995; May- and CaMKII␤. We found that dendritic spines and filoford et Glazewski et al., 1996 ; Gordon podia as well as the cortical cytoskeleton are the primary et Giese et al., 1998) .
docking sites for expressed CaMKII␤. In contrast, exSince not only CaMKII␣ but also CaMKII␤ is a promipressed CaMKII␣ was uniformly distributed in the soma nent isoform in the central nervous system, the question and processes and was largely absent from spines. arises whether CaMKII␣ and CaMKII␤ have different However, when expressed in the same cell, CaMKII␤ roles in regulating neuronal functions. Such functional targeted CaMKII␣ to dendritic spines and the cell cortex. differences between the two isoforms would have a diIn vitro binding studies suggested that this targeting rect impact on our understanding of cell type-specific results from a direct binding interaction of CaMKII␤ with signaling processes, since the relative expression of F-actin. We then developed a GFP-based proteinCaMKII␣ and CaMKII␤ is markedly different in different protein interaction assay ("Pull-Out" binding assay) to brain regions and at different developmental stages. For explore the binding interactions between CaMKII␣ and example, the ratios of ␣ and ␤ subunits are about 3:1 CaMKII␤ isoforms in living cells. When expressed alone, and 1:4 in adult forebrain and cerebellum, respectively, CaMKII␤ was found to form homooligomers with an average size that is markedly smaller than the ‫31ف‬ subunits measured for CaMKII␣ homooligomers. When expressed at the same time, CaMKII␤ isoforms incorporated equally well into either CaMKII␣ or CaMKII␤ oligomers (and vice versa) . Half-maximal targeting of CaMKII␣ oligomers to the cytoskeleton was achieved if at least 15% of CaMKII␤ were present in the same cell, suggesting that a small number of CaMKII␤ subunits are required to dock CaMKII␣/␤ heterooligomers with ‫31ف‬ subunits to F-actin. Our studies suggest that the synaptic localization of CaMKII activity is controlled by the relative expression of CaMKII␤ F-actin-docking modules.
Results

Expressed CaMKII␤ but Not CaMKII␣ Is Enriched in Dendritic Branches and Cell Cortex
We investigated the cellular localization of CaMKII␣ versus CaMKII␤ isoforms by constructing CaMKII fusion proteins with GFP ( Figure 1A ). An earlier study has shown that a GFP-CaMKII␣ construct can phosphorylate substrate peptides as well as autophosphorylate itself at threonine 286 (Shen and Meyer, 1998 ). An additional criterion for functionally intact GFP-CaMKII is the preservation of secondary calcium-independent autophosphorylations at the sites that prevent further calmodulin binding (residues threonine 305 or 306) (Colbran and Soderling, 1990; Hanson and Schulman, 1992) . We tested whether the GFP tag on CaMKII␣ or CaMKII␤ affects either type of autophosphorylation and determined whether the extent of autophosphorylation is similar to that of the wild-type enzyme. Indeed, wild-type CaMKII␣ and GFP-tagged CaMKII␣ and CaMKII␤ isoforms showed similar amounts of calcium-dependent and -independent autophosphorylation activity ( Figures  1B and 1C ). When GFP-tagged CaMKII␣ or CaMKII␤ isoforms were expressed in cultured hippocampal neurons, CaMKII␣ was largely homogeneous in the soma and main processes ( Figure 1D , left) but was only minimally present in the finer branch structures. In contrast, CaMKII␤ showed a striking enrichment in dendritic branches as well as at the cell cortex ( Figure 1D , right). When expressed in rat basophilic leukemia (RBL) cells, CaMKII␣ was nearly homogeneously distributed in the cytosol and CaMKII␤ had a distinct cortical localization ( Figure  1E , right). The differential distribution of the two isoforms suggests that CaMKII␤ has specific binding interactions in cells that do not occur for CaMKII␣. mogeneous distribution of GFP-CaMKII␣ throughout the soma and (B) Autophosphorylation of GFP-tagged CaMKII isoforms. Comparimajor branches, while CaMKII␤ is enriched in the dendritic branches. son of the baseline (left), calcium/CaM-dependent (middle), and burst (E) Confocal image of GFP-tagged CaMKII␣ (left) and CaMKII␤ (right) (right) autophosphorylation activity of CaMKII␣, GFP-CaMKII␣, and expressed in living RBL cells. Notice the cortical staining and non-GFP-CaMKII␤. The kinase activity of the in vitro translated conuniform internal staining of GFP-CaMKII␤ and the homogeneous structs are shown. Translated GFP alone was included as a control.
distribution of GFP-CaMKII␣. (C) Relative kinase activity corrected for the amount of expressed (F) Comparison of the calculated diffusion coefficients for GFPCaMKII or GFP-CaMKII protein (measured as the ratio of 32 P incorCaMKII␣ and GFP-CaMKII␤. We tested more directly whether CaMKII␤ has more the GFP-CaMKII␤ fluorescence recovered on the time scale of 15 s after the laser bleach pulse. Together, binding interactions than CaMKII␣ by comparing the local fluorescence recovery after photobleaching of these measurements suggest that CaMKII␣ expressed alone is a highly mobile protein that has only limited GFP-CaMKII␤ to that of GFP-CaMKII␣. A 2 m diameter laser photobleach spot was generated in the cell by a cytosolic binding interactions, while CaMKII␤ is bound in a reversible manner to dendritic and cortical structures. short laser pulse and the fluorescence recovery was monitored by rapid confocal imaging. Consistent with the hypothesis that CaMKII␤ but not CaMKII␣ underCaMKII␤ Is an F-Actin-Docking Module Enriched in Dendritic Spines goes binding interactions, the recovery after photobleaching was significantly more rapid for CaMKII␣ What are the structures in the dendritic branches and cell cortex targeted by CaMKII␤? The markedly punctate compared to that for CaMKII␤. This could be quantitatively shown by a calculated average diffusion coeffistaining suggested that CaMKII␤ is enriched in dendritic spines. Indeed, an antibody against the postsynaptic cient of CaMKII␤ that was five times lower than that of CaMKII␣ ( Figure 1F ; see Experimental Procedures for a protein PSD-95 showed a clear colocalization between GFP-CaMKII␤ (Figure 2A , green) and PSD-95 (red). The description of the analysis). Nevertheless, the binding interactions of CaMKII␤ were reversible, since most of arrows in the right panel point to presumed dendritic spines, which were highly enriched in PSD-95 and GFPCaMKII␤ (expressed by the yellow color in the overlay image). A magnification of the dendritic region is shown in Figure 2B . Some of the neurons also showed an enriched staining of GFP-CaMKII␤ in filopodia-like branches ( Figure 2C ) that were reminiscent of developing dendritic spines (Ziv and Smith, 1996) . A magnified image of an arbor of such filopodia is shown in the right panel.
We verified that the dendritic spines marked by anti-PSD-95 antibodies and GFP-CaMKII␤ corresponded to mature postsynaptic terminals by comparing the distribution of GFP-CaMKII␤ to that of functional presynaptic terminals. The terminals were marked with the fluorescent synaptic vesicle marker FM 4-64 using a double depolarization protocol (Ziv and Smith, 1996; see Experimental Procedures) . Since this type of colocalization study can be performed in living neurons, potential distribution artifacts that may arise during the fixation of neurons can be excluded. When comparing the distribution of GFP-CaMKII␤ ( Figure 2D , green) to the location of active presynaptic terminals (represented in red as a difference image of the released FM 4-64 after depolarization), the overlayed image showed a marked juxtaposed localization of GFP-CaMKII␤ and loaded FM 4-64 ( Figure 2D , right). This suggests that CaMKII␤ is indeed enriched in mature dendritic spines. In contrast, the uniformly distributed GFP-CaMKII␣ was not enriched near active synapses ( Figure 2E ).
Since actin is highly enriched in dendritic spines and cell cortex (Caceres el al., 1983; Landis and Reese, 1983; Fisher et al., 1998) , it is conceivable that the localization of CaMKII␤ to dendritic spines is mediated by a direct or indirect binding interaction of CaMKII␤ with F-actin. We tested the possible colocalization of CaMKII␤ and F-actin in two model cell lines by using rhodamine phal- Figure 3C ). In RBL lated CaMKII isoforms were added and incubated on ice for 1 hr cells (top) and fibroblasts (bottom), addition of latrunfollowed by centrifugation at 100,000 ϫ g for 30 min. The pellet culin led to a nearly complete loss in the cortical as well and supernatant were resolved by SDS-PAGE and exposed on a as stress fiber staining of GFP-CaMKII␤.
Phosphorimager. CaMKII␤ is significantly enriched in the actin pellet when compared to CaMKII␣ (right) (average of five experiments).
We then determined biochemically whether expressed CaMKII␤ can bind directly to purified F-actin. Indeed, S-labeled CaMKII␤ could be effectively sedimented CaMKII␣ Is Targeted to Dendritic Spines by polymerized actin ( Figures 3D, left) . In contrast, When Coexpressed with CaMKII␤ CaMKII␣ is much less sedimentable by polymerized acWe then tested whether the coexpression of CaMKII␣ tin using the same assay. Figure 3D , right, shows the and CaMKII␤ in the same cell affects their respective counts in each of the bands using a bar diagram (average localization. An effective coexpression of both isoof five measurements). This suggests that the colocaliforms was made possible by using an RNA transfection zation of CaMKII␤ with the actin cytoskeleton observed method. In this approach, a large number of translationin living cells is the result of a direct and reversible binding interaction between CaMKII␤ and F-actin.
competent RNA molecules are directly introduced into the cytosol of adherent cells by microporation (Yokoe be confirmed biochemically? We used a detergent extraction procedure of NIH-3T3 cells to test whether and Teruel and Meyer, 1997) . Thus, RNA encoding different proteins can be mixed and expressed CaMKII␤ and/or CaMKII␣ could be found in an actinenriched pellet fraction. This extraction protocol has at a defined ratio within each transfected cell. Strikingly, when GFP-CaMKII␣ was expressed together with been shown to significantly enrich for actin and actin binding proteins (Egelhoff et al., 1991) . Expressed CaMKII␤ CaMKII␤ (without a GFP tag) in hippocampal neurons, GFP-CaMKII␣ became associated with the same denand CaMKII␣ isoforms without a GFP tag were used for these measurements. In agreement with the in vivo data, dritic spine and cortical structures ( Figure 4A ). A largely cortical localization of GFP-CaMKII␣ was also observed CaMKII␣, when expressed alone, was largely absent from the actin pellet, while CaMKII␤ was highly enriched in RBL cells in the presence of CaMKII␤ ( Figure 4B ). In contrast, expression of CaMKII␣ (without a GFP tag) in the actin pellet ( Figure 4E , left and center). When both isoforms were expressed together, a significant fraction together with a similar amount of GFP-CaMKII␤ did not affect the cortical localization of GFP-CaMKII␤ (data of CaMKII␣ was found in the actin cytoskeletal fraction ( Figure 4E , right). Taken together, these studies are connot shown). Using the same colocalization protocols as described before in Figure 2 , we also found a marked sistent with a targeting mechanism by which CaMKII␣ is localized to F-actin if expressed together with a sufficolocalization between GFP-CaMKII␣, coexpressed with CaMKII␤, and anti PSD-95 antibodies ( Figure 4C ). In cient amount of CaMKII␤. How does CaMKII␤ target CaMKII␣ to the actin cyliving neurons, GFP-CaMKII␣, coexpressed with CaMKII␤, showed a marked localization juxtaposed to the presyntoskeleton? A likely hypothesis is that CaMKII␣ does not undergo cytoskeletal binding interactions of its own but aptic marker FM 4-64 ( Figure 4D ).
Can this effect of CaMKII␤ on CaMKII␣ localization binds to CaMKII␤, which then anchors the complex to protein kinase C as such a PM domain. This small 6 kDa domain is an initially cytosolic protein that binds nearly irreversibly to the plasma membrane after phorbol ester Oligomer Formation Can Be Explored in Living Cells addition (Oancea et al., 1998) . The distinct property of Using a GFP-Based Pull-Out Binding Assay this domain is shown in Figure 5B . Before phorbol ester To address the question of homo-versus heterooligomer addition, a fusion protein of the phorbol ester binding formation, we developed an assay to quantitatively domain with GFP is a cytosolic protein (left) that is study protein-protein binding interactions in living cells "pulled" from the cytosol to the plasma membrane after (Pull-Out binding assay; Figure 5A ). Our strategy was to addition of phorbol ester (right). This translocation prouse a protein domain (PM domain) that translocates to cess occurs in less than a minute and is mediated by a the plasma membrane in response to the addition of a drug. The potential binding interaction between the diffusion-dependent high affinity binding interaction of the fusion protein with plasma membrane-localized by the average cytosolic fluorescence intensity before phorbol ester addition (Ipre) ( Figure 6E ). A ⌬PM:Ipre ratio phorbol ester (Oancea et al., 1998) . It should be noted that the also visible nuclear-localized GFP fusion protein of 0 indicates that no plasma membrane translocation occurred, and a PM:I pre ratio of ‫3ف‬ corresponds to the translocates to the plasma membrane much more slowly due to its slow diffusion through nuclear pores.
translocation observed for the PM-GFP construct itself. Based on this analysis, a titration curve can be obWe first used this PM domain to determine whether most of the expressed CaMKII␣ isoforms is present in tained, showing the relative plasma membrane translocation at decreasing dilution ratios of PM-CaMKII␣ to an oligomeric state. To test for oligomerization in vivo, PM-tagged CaMKII␣ and GFP-CaMKII␣ were expressed GFP-CaMKII␣ ( Figure 6F) . A 50% reduction in plasma membrane targeting was observed at an approximate in the same cell ( Figure 5C, left) . As expected, addition of phorbol ester led to a marked translocation of the dilution ratio of 1 PM-CaMKII␣ per 14 GFP-CaMKII␣. A Poisson distribution model would predict that the probainitially cytosolic GFP-CaMKII␣ to the plasma membrane ( Figure 5C, right) . This change in the distribution bility (p) to introduce at least one subunit into an oligomer with N subunits is p ϭ 1 -(R/[R ϩ 1]) N , with R as before and after addition of phorbol ester can be more quantitatively measured in a line profile analysis comthe dilution ratio. Using this model, a best fit to the data was obtained for N ϭ 13.5, in close agreement with a paring the fluorescence intensity across the cell before and after phorbol ester addition ( Figure 5C , bottom). In previous estimate of 12 subunits for purified CaMKII␣ (Yamauchi et al., 1989; Kanaseki et al., 1991) . control experiments, GFP alone was coexpressed with PM-tagged CaMKII␣, and no plasma membrane transloWe then used the same approach to determine if CaMKII␤ forms oligomers. Although GFP-CaMKII␤ has cation of GFP was observed after phorbol ester addition ( Figure 5D ). The finding that most GFP-CaMKII␣ is pulled a partial cortical and internal F-actin localization, this binding interaction was reversible, and a much more to the plasma membrane by PM-CaMKII␣ strongly suggests that most of the expressed CaMKII␣ is present in pronounced plasma membrane localization can be induced by addition of phorbol ester to a PM-tagged the cell in an oligomeric state.
CaMKII␤. Using this phorbol ester-triggered increase in plasma membrane translocation of GFP-CaMKII␤, a CaMKII␤ Homooligomers Are Significantly titration curve was obtained for the relative plasma Smaller Than CaMKII␣ Homooligomers membrane translocation at decreasing dilution ratios of While CaMKII␣ has been proposed to be an homooligo-PM-CaMKII␤ to GFP-CaMKII␤. Interestingly, the apparmer with 8-12 subunits, it is controversial if CaMKII␤ ent average size of CaMKII␤ oligomers was 4.2, signififorms oligomers and how large these potential oligocantly smaller than that of the ␣ isoform ( Figure 6F ). mers are (Yamauchi et al., 1989) . To measure the apparThus, these in vivo measurements clearly show that ent oligomer sizes of CaMKII␣ and CaMKII␤ in living CaMKII␤ can form oligomers, albeit with a significantly cells, we expressed GFP-CaMKII together with a desmaller apparent size than those formed by CaMKII␣. creasing amount of PM-CaMKII and measured the phorThis apparent size of CaMKII␤ oligomers was consistent bol ester-induced translocation to the plasma memwith our finding that CaMKII␤ purified from baculovirusbrane (a schematic view of the expected oligomer transfected Sf9 cells had a size much smaller than that translocation process is shown in Figure 6A ). Since the of CaMKII␣ expressed by the same method (K. S., unphorbol ester-induced plasma membrane affinity of the published data). PM domain is nearly irreversible, it is likely that a single subunit of PM-CaMKII␣ is sufficient to induce the plasma membrane translocation of a CaMKII␣ oligomer.
CaMKII␣ and CaMKII␤ Form Stochastic Heterooligomers As discussed above, the RNA transfection method allows one to quantitatively titrate the amount of the Since the relative expression of CaMKII␣ to CaMKII␤ is highly variable between different types of neurons, we two CaMKII fusion proteins in the same cell. To determine the respective expression levels for the two microdetermined how efficient heterooligomer formation is compared with homooligomer formation. We pursued porated RNA species, the concentration of the translated proteins was measured in parallel by in vitro the same dilution approach as described in Figure 6 but for the heterooligomers. The calculated line plots in translation of the same RNAs in the presence of [
35 S]Met ( Figure 6B) . Figure 7A show the curves expected for the insertion of PM-CaMKII␤ into GFP-CaMKII␣ oligomers for a sto- Figure 6C shows the GFP-CaMKII␣ plasma membrane translocation at increasing dilutions of coexpressed chastic insertion mechanism (dashed curve). The measured relative plasma membrane translocation for de-PM-CaMKII␣. The left images show the distribution before and the right images after phorbol ester addition.
creasing ratios of PM-CaMKII␤ to GFP-CaMKII␣ closely matched a predicted stochastic insertion mechanism. Interestingly, the phorbol ester-induced targeting to the plasma membrane was still measurable when PMThe same measurements were then made for PMCaMKII␣ insertion into GFP-CaMKII␤ oligomers by diluCaMKII␣ was diluted to Ͻ3% of GFP-CaMKII␣. The sequential reduction in plasma membrane translocation tion of the PM-CaMKII␣ fusion protein at a constant concentration of CaMKII␤ ( Figure 7B ). The calculated can be seen more clearly in fluorescence line intensity traces ( Figure 6D ). The loss in phorbol ester-mediated curve for a stochastic insertion mechanism is overlapping with the fitted one. plasma membrane targeting at increasing PM-CaMKII␣ dilutions was analyzed by dividing the relative plasma Together, this titration approach suggests that if CaMKII␣ and CaMKII␤ isoforms are expressed at the membrane fluorescence intensity of GFP-CaMKII␣ (⌬ PM ) same time and place, they form mixed oligomers with not resolve whether individual or multiple CaMKII␤ suba stochastic probability for the insertion of either one units are required for the targeting of CaMKII␣/␤ heteroof the isoforms. This also suggests that most CaMKII oligomers to the actin cytoskeleton. We used the same oligomers in neurons contain a variable fraction of RNA dilution strategy to determine at which ratio of CaMKII␤ that is defined by the relative expression level GFP-CaMKII␣ to CaMKII␤ the cytoskeletal localization of locally translated CaMKII␤ versus CaMKII␣. For the still occurs. The distinct cortical actin cytoskeleton lophysiological situation, it is then important to know how calization of CaMKII␤ in RBL cells was used in this assay many CaMKII␤ isoforms have to be inserted into mostly ( Figure 7C ). While CaMKII␤ was less potent in targeting CaMKII␣ heterooligomers to still effectively target CaMKII GFP-CaMKII␣ to the plasma membrane than the PMto its cytoskeletal docking site.
CaMKII constructs, 50% translocation to the cortical actin cytoskeleton required a ratio of ‫1:5.6ف‬ of GFPCaMKII␣ to CaMKII␤. Since CaMKII␣ isoforms contain A Small Number of CaMKII␤ Isoforms Are Sufficient ‫31ف‬ subunits, this suggests that a small number of to Target CaMKII Heterooligomers CaMKII␤ subunits are sufficient to target CaMKII␣/␤ hetto the Actin Cytoskeleton erooligomers to the actin cytoskeleton. While the previous studies were useful to dissect the oligomer formation of CaMKII␣ and CaMKII␤, they did
In a second independent approach to understand the cytoskeletal targeting of CaMKII␣ by CaMKII␤, we meaenzymes and signaling proteins are (1) increased efficiency and (2) increased specificity. By targeting CaMKII sured the binding interactions of the heterooligomers by measuring their diffusion coefficients. As shown in to dendritic spines, its local concentration is elevated and the efficiency of substrate phosphorylation is in- Figure 1F , GFP-CaMKII␣ has a 5-fold faster apparent diffusion than GFP-CaMKII␤. Diffusion coefficients were creased. Important dendritic substrates of CaMKII include AMPA receptors, NMDA receptors, SynGAP, and then measured at increasing dilutions of GFP-CaMKII␣ to CaMKII␤. Similar to the results with the localization MAP2. Hence, by localizing CaMKII to dendritic spines, the to the cortical cytoskeleton, the diffusion coefficient of CaMKII␣ was reduced by 50% when the concentration kinase can more effectively exert its functions in synaptic plasticity. The postsynaptically localized AMPA reof CaMKII␤ exceeded 15% of that of GFP-CaMKII␣ ( Figure 7D ). Together, these measurements show that ceptor has been shown to be an important substrate of CaMKII, and phosphorylation by CaMKII increases the CaMKII␤ is a potent targeting domain that can localize a much larger number of CaMKII␣ isoforms to the actin AMPA receptor conductivity 3-fold (McGlade-McCulloh et al., 1993; Barria et al., 1997) . This upregulation of cytoskeleton.
the AMPA receptor is thought to be one of the critical functions of CaMKII in synaptic plasticity (Nicoll and Discussion Malenka, 1995) . The postsynaptically localized NMDA receptor has also been shown to be a substrate for
Functional Importance of Docking CaMKII to F-Actin in Dendritic Spines and Cell Cortex
CaMKII (Omkumar et al., 1996) , although the function of the NMDA receptor phosphorylation by CaMKII is not What is the functional advantage of a subcellular localization of CaMKII? The main advantages of localizing well understood. Furthermore, the NMDA receptor has been shown to bind to ␣-actinin, an actin binding protein were coexpressed at different ratios (K. S., unpublished present in PSDs (Wyszynski et al., 1997) . A recent study data). also suggested that CaMKII has an important postsyn-
The heterologous targeting mechanism is particularly aptic role in inhibiting the activity of the PSD protein interesting since only 15% of CaMKII␤ was needed to SynGAP, a Ras-GTPase activating protein that is likely bind 50% of CaMKII heterooligomers to the actin cyimportant in regulating the dendritic MAP kinase pathtoskeleton. Thus, cells can potentially control the localway (Chen et al., 1998) .
ization of the predominant CaMKII␣ isoforms by regulatThe dendritic tubulin binding protein MAP2 is a major ing the local expression of CaMKII␤. The different CaMKII substrate and is known to form a bridge between relative expression levels of CaMKII␤ during developactin and tubulin. Phosphorylation by CaMKII has been ment and in different neuronal cell types suggests that shown to break its binding interaction with actin, which this targeting mechanism is physiologically important is potentially important for a reorganization of the denand may be responsible for a distinct subcellular localdritic morphology (Vallano et al., 1986 ). An important ization of CaMKII in different cell types and periods of role of CaMKII in stabilizing dendritic branches has been development. A cell type-specific difference in CaMKII suggested in recent studies of neurons using expressed attachment is consistent with the earlier finding that a catalytically active CaMKII (Wu and Cline, 1998) . much smaller fraction of CaMKII is found in the soluble In addition to its postsynaptic functions, CaMKII may fraction of isolated cerebellum than in the soluble fracalso be relevant for regulation of the presynaptic actin tion of the forebrain (10% versus 50%) (Kelly and Vernon, binding protein synapsin 1. It is likely that the direct 1985; Kelly et al., 1987) . This is paralleled by a ratio of association of CaMKII with F-actin is important for the CaMKII␤ to CaMKII␣ of 4:1 and 1:3, respectively, in these enhancement of synapsin 1 phosphorylation by CaMKII. two brain regions (Miller and Kennedy, 1985) . Functionally, phosphorylation by CaMKII has been shown An intriguing piece in the puzzle is the observation that to disable the synapsin-actin binding interaction and CaMKII␣ can be locally translated in dendrites (Burgin et thereby enables synaptic vesicles to become available al., 1990). It suggests that a spatially distinct expression for secretion (Llinas et al., 1991; Benfenati et al., 1992) .
of CaMKII␣ and CaMKII␤ within a cell could be used to Finally, biochemical evidence suggests that a signifregulate the isoform ratio of the assembled heterooliicant fraction of CaMKII is enriched in postsynaptic gomer and thereby control the fraction of CaMKII activity densities (PSDs). This structure has been shown to associated with F-actin. contain a marked amount of CaMKII␣ and a lesser Since a variable fraction of expressed CaMKII␤ is amount of actin and CaMKII␤ in hippocampal neurons. present as a spliced variant CaMKII␤Ј, we also tested Interestingly, CaMKII␤ and actin are present in PSDs at the localization of GFP-tagged CaMKII␤Ј. Interestingly, about the same molar concentration (Kelly and Vernon, CaMKII␤Ј showed a markedly lower F-actin localization 1985), making it possible that CaMKII localization to than CaMKII␤ (K. S., unpublished data). Thus, the F-actin dendritic spines is mediated by a direct CaMKII␤-actin localization of CaMKII␣/␤ heterooligomers can be reguinteraction. Furthermore, studies by McNeill and Colbran lated not only by the respective expression of CaMKII␣ (1995) and Strack et al. (1997) have shown that CaMKII, and CaMKII␤ but also by the alternative splicing of once autophosphorylated, can bind to at least two postCaMKII␤. synaptic density proteins of 140 and 190 kDa. In light Together, these results suggest that if CaMKII␣ and of the data in our study, it is conceivable that CaMKII CaMKII␤ are translated at the same time and in the same oligomers are initially prelocalized to the PSD by their location, they form random heterooligomers that are reversible actin binding interaction but then switch their docked to F-actin. When taking into account the lower PSD binding partner or further translocate to PSDs fol-F-actin affinity of the alternatively spliced variant of lowing CaMKII autophosphorylation.
CaMKII␤, a critical number for docking CaMKII activity to the actin cytoskeleton is the local expression of CaMKII␤ Role of CaMKII␤ As an F-Actin Targeting Module versus the sum of CaMKII␣ plus CaMKII␤Ј. Our study shows that CaMKII␤ functions as a targeting module that localizes CaMKII␣/␤ heterooligomers to dendritic spines and other F-actin rich regions. Where is Heterologous Targeting Model for CaMKII the structural sequence motif for heterooligomerization?
Could the cytoskeletal targeting of CaMKII␣ by CaMKII␤ Earlier studies suggested that the motif for oligomerizabe an example for a more general heterologous targeting tion of CaMKII is located at its C terminus (Yamauchi et mechanism (Figure 8)? This question is particularly al., 1989) . This domain is 78% identical between CaMKII␣ intriguing since the family of CaMKII isoforms has reand CaMKII␤. At least for CaMKII␣, 135 cently been expanded with the cloning of CaMKII␥ and amino acid sequence of CaMKII␣ was shown to be necCaMKII␦ as well as the identification of a large number of essary and sufficient for oligomer formation (Shen and splice variants including CaMKII␤Ј, CaMKII␣ B, CaMKII␦A, Meyer, 1998) . Deletions of more than 8 amino acids at and CaMKII␦B (Braun and Schulman, 1995) . If a hetthe C terminus and more than 21 amino acids at the erologous targeting mechanism would exist for all iso-N-terminal end of this short domain were sufficient to forms, CaMKII␣ should also form heterooligomers with abolish oligomerization. Using the Pull-Out binding assay CaMKII␥ and CaMKII␦ isoforms. Indeed, when we exas an in vivo approach, we now confirmed that minimal pressed PM-CaMKII␣ together with GFP-tagged CaMKII␥ C-terminal domains of CaMKII␣ and CaMKII␤ are indeed and CaMKII␦ isoforms, a direct binding interaction could sufficient for oligomer formation. In these measurebe demonstrated using the Pull-Out binding assay (K. S., ments, constructs encoding GFP-and PM-tagged minimal oligomerization domains of CaMKII␣ and CaMKII␤ unpublished data). Thus, the coexpression of CaMKII␣, CaMKII autophosphorylation assays were performed as described previously (Hanson et al., 1994) . Briefly, CaMKII isoforms and fusion a core oligomerization domain (CaMKII␣) and a variable constructs were autophosphorylated at 30ЊC in 25 l reactions conregion are left in the catalytically incompetent protein taining 50 mM PIPES (pH 7.0), 10 mM MgCl 2 , 500 M CaCl 2 , 600 (Bayer et al., 1996; Sugai et al., 1996) . This cardiac ␣ CaMKII isoforms and the presence of different CaMKII
In vitro transcription and RNA processing were performed as de-"targeting isoforms" strongly suggests that localization scribed previously (Yokoe and Meyer, 1996; Shen and Meyer, 1998) .
of CaMKII through "heterologous targeting" is a general
Briefly, in vitro transcription with SP6 RNA polymerase was permechanism to control the efficiency and specificity of formed according to the manufacturer's protocol using a commercial kit (mMESSAGE mMACHINE, Ambion). 10 mM EDTA was used CaMKII function.
to terminate the reaction. RNA was purified by column chromatography (RNeasy column, Qiagen) followed by the addition of a poly(A) Experimental Procedures tail. Poly adenylation was carried out for 30 min at 37ЊC in a 50 l reaction mixture containing 40 mM Tris-HCl (pH 8.0), 10 mM MgCl 2, Cloning of CaMKII Fusion Constructs 2.5 mM MnCl 2, 250 mM NaCl, 0.25 mg/l RNA, 250 mM ATP, and The cDNA for rat CaMKII␣, CaMKII␤, and CaMKII␤Ј were generous 5 U poly(A) polymerase (Life Technologies). The reaction was termigifts from Dr. Howard Schulman. The construction of the GFPnated by addition of 20 mM EDTA. Unincorporated ATP and salts CaMKII␣ vector was described previously (Shen and Meyer, 1998) .
were removed by applying the mRNA to a RNeasy column. The To obtain the in vitro transcription vector for CaMKII␣ without GFP, eluent was dried and mRNA was dissolved at 1 g/l in the electrothe CaMKII␣ cDNA was amplified by PCR and cloned into the in poration buffer (5 mM KCl, 125 mM NaCl, 20 mM HEPES [pH 7.4], vitro transcription vector ␦SHiro3. DNA sequencing were performed and 10 mM glucose). to exclude PCR errors. GFP-CaMKII␤ and CaMKII␤ were also cloned into the SHiro3 and ␦SHiro3 vectors using a similar PCR strategy. The construction of PM-GFP or Cys-GFP was described previously Cell Culturing and Electroporation RBL 2H3 cells were maintained in Dulbecco's Minimum Essential (Oancea et al., 1998). PM-CaMKII␣ and PM-CaMKII␤ were made by replacing the GFP sequence with CaMKII␣ and CaMKII␤ coding Medium (DMEM) supplemented with 20% fetal bovine serum (Life Technologies, Gaithersburg, MD) at 37ЊC with 5% CO 2. The cells sequence in the same SHiro3 vector.
were plated at 5 ϫ 10 4 cells/cm 2 on glass cover slips and were were washed three times with PBS, and coverslips were mounted onto glass slides using buffered glycerol mounting medium. allowed to attach to the coverslip for a minimum of 3 hr. Hippocampal neurons obtained from 2-to 4-day-old postnatal rats were cultured as described in Ryan and Smith (1995) and used 10 days to Fibroblast Transfection and Western Blotting Assay NIH-3T3 cells were plated in 35 mm dishes at a density of 1.0 ϫ 10 5 3 weeks after plating. A self-built small volume electroporation device for adherent cells was used for electroporation (Teruel and per dish and incubated overnight at 37ЊC in a humid atmosphere containing 5% CO 2. Cells were transfected with 1.5-2.2 g of pSR␣- . For the transfection of neurons, modified versions of the device and buffer conditions were used (Teruel et al., submitted) .
CaMKII␤ or pSR␣-CaMKII␣ or cotransfected with pSR␣-CaMKII␤ and pSR␣-CaMKII␣ using lipofectin plus (GIBCO/BRL) according After transfection, the electroporation buffers were replaced with the same culture medium. to manufacturer's instructions. Cells were harvested 48 hr after transfection and extracted with 10 mM Tris-HCl, 50 mM KCl, 0.1 mM EGTA, 0.1% Triton, 2 mM PMSF, and 5 g/ml aprotinin, leupepFunctional Labeling of Presynaptic Terminals with FM 4-64 tin, and pepstatin at room temperature for 10 min and centrifuged Functional presynaptic terminals were visualized with FM 4-64 (Moat 30,000 ϫ g for 30 min at 4ЊC. Various fractions of the cell extract lecular Probes). FM 4-64 is similar in structure and properties to were resolved by electrophoresis on SDS-polyacrylamide gels FM 1-43, but its longer wavelength emission spectra make it more (12%), transferred to nitrocellulose, and blotted with monoclonal suitable for dual channel fluorescence microscopy in conjunction anti-CaMKII␣ or anti-CaMKII␤ antibody (GIBCO/BRL). The memwith GFP (Ziv and Smith, 1996) . Cells were loaded with FM 4-64 by branes were blotted using a secondary antibody conjugated to replacing the saline in the imaging chamber with high potassium horseradish peroxidase and visualized by enhanced chemiluminessolution (100 mM KCL, 20 mM HEPES, 1.5 mM CaCl 2, 30 mM NaCl, cence (ECL; Amersham). 1.5 mM MgCl2 [pH 7.4], and 6 M of FM 4-64) for 20 s and switch back to a saline solution for 5-10 min. After collecting a digital image Pull-Out Protein-Protein Interaction Assay of the labeled field (such as that in Figure 2D , left), the cells were Polyadenylated mRNA was made as described above. In many exstimulated again by switching to the same high potassium solution.
periments, mRNA species were mixed and used for electroporation The spatial distribution of the active presynaptic terminals could at a final concentration of typically 1 g/l total. The relative translathen be determined from a difference image (e.g., Figure 2C , center). tion efficiency was determined by a separate in vitro translation reaction using the same mRNA as a template. Images of transfected Diffusion Analysis RBL or NIH-3T3 cells were taken on a Zeiss confocal microscope The diffusion coefficients were determined using an analysis by 8-12 hr after electroporation. PMA (1 M) was added and images which a photobleached area is produced by a focused laser pulse of single cells were taken under the same configuration. Images and the fluorescence recovery is fit to sequential two-dimensional were taken before and after PMA addition and were analyzed using Gaussian distributions. Ratio images of the fluorescence distribution NIH image software. We defined a plasma membrane translocation after the bleach pulse to the distribution before the pulse were used factor as ⌬ PM/Ipre ( Figure 5E ). for the analysis. This analysis follows at the same time the decrease in the bleach amplitude and the increase in the bleach radius. AsAcknowledgments suming mass conservation, the resulting fluorescence distributions were fit by:
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